Background and aims: Staphylococcus aureus is considered as a frequent cause of infections. Therefore, antibacterial agents including β-lactam are normally used to treat these infections while the emergence of antibiotic resistance is one of the major clinical problems in this respect. Accordingly, combination antibacterial therapy is one way to alleviate this problem. As a result, the present study aimed to investigate the combined effects of vancomycin and methicillin on clinical isolates of methicillin-resistant S. aureus (MRSA) and methicillinsensitive S. aureus (MSSA). In addition, a series of follow-up studies were performed to evaluate the antibacterial activity. Methods: The current cross-sectional study was conducted on 40 hospitalized patients from various clinical samples such as pus/wound swabs, blood, urine and sputum during a 6-month period in 2017. To this end, the antibacterial activities of vancomycin and methicillin, alone and in combination were investigated against MRSA and MSSA. Eventually, the inhibitory effects of vancomycin and methicillin alone and in combination were studied on the growth profile of MRSA and MSSA, as well as the expression of mecA gene. Results: Based on the results, the significant synergistic and partial synergistic activity with fractional inhibitory concentration (FIC) and fractional bactericidal concentration (FBC) indexes ranged from 0.27-0.938 and 0.313-0.844, respectively, in the combination of vancomycin and methicillin in MRSA and MSSA isolates. Further, the obtained data indicated that the combination of vancomycin and methicillin had a synergistic effect against MRSA isolates (P < 0.01). The expression levels of the mecA gene were down-regulated by 5.25fold in the combination of vancomycin and methicillin in MRSA isolate (P < 0.001).
Introduction
Staphylococcus aureus is a human commensal and a widespread cause of life-threatening systemic infections. The β-lactam antibiotics are regarded as the antibacterial drugs of choice for treating the S. aureus infections. In fact, their target mechanisms inhibit the synthesis of bacterial cell walls and thus lead to bacterial cell death (1, 2) . In addition, methicillin-resistant S. aureus (MRSA) is the major hospital-and community-acquired pathogen that develops multiple drug resistance to β-lactam antibiotics. MRSA isolates appear as a common cause of the disease and death and impose severe economic problems (3) (4) (5) (6) (7) (8) .
Antibacterial resistance is due to the expression of a nonnative gene encoding a penicillin binding-protein (PBP2a), acquired from another species, with lower affinity for β-lactams. PBP2a remains active in the presence of typically inhibitory concentrations of β-lactam antibiotics thus allows cell wall biosynthesis. Further, PBP2a is encoded by the mecA gene localized in a unique segment of the DNA referred to as the staphylococcal chromosome cassette, which is transferred between the bacteria by horizontal gene transfer and the expression of which is controlled through a proteolytic signal transduction pathway (9, 10) .
Vancomycin, a glycopeptide antibiotic originally isolated from Streptomyces orientalis, serves as the cornerstone of therapy against serious MRSA infections. The increased use of vancomycin has led to multiple exposures of MRSA isolates to this drug and the development of microbial resistance (11, 12) . Several alternative agents to vancomycin have become available for the treatment of MRSA infections including linezolid, daptomycin, tigecycline, and quinupristin/dalfopristin. Moreover, the use of all these drugs is clinically limited due to the high cost and/or a substantial risk of adverse effects. Recent investigations in antibacterial development encompass using the combination therapy with two or more antibacterial compounds. However, several combined therapies with vancomycin are reported (13) (14) (15) (16) (17) (18) as well. So far, a limited body of data has published regarding the efficacy of vancomycin in combination with methicillin on genes contributing to the antibacterial resistance of S. aureus. Therefore, the present study was designed to evaluate the combined effects of vancomycin and methicillin on clinical isolates of MRSA and methicillinsensitive S. aureus (MSSA) and conduct a series of followup studies in order to investigate their antibacterial activity.
Materials and Methods

Patients and samples
In this cross-sectional study which was implemented over a 6-month period in 2017, various clinical samples such as pus/wound swabs, blood, urine and sputum were randomly collected from 40 hospitalized patients, admitted to Shahid Beheshti Hospital of Yasooj, as well as Shahid Rajaee hospital of Gachsaran, and immediately transported to the laboratory. Then, the clinical isolates of S. aureus were identified based on their morphological, biochemical, and molecular characteristics such as colonies with staphylococcal morphology on blood agar (Merck, Darmstadt, Germany), Mannitol salt phenol red agar (Merck), Baird-Parker agar (Merck), gram staining, carbohydrate fermentation, catalase, slide/ tube coagulase, oxidase, DNase, urease and VP tests, along with bacitracin and novobiocin susceptibility tests. Next, molecular identification was performed using the specific 16S rRNA gene with specific primers Staph756F (5 ′ AACTCTGT TAT TAGGGAAGAACA3 ′ ) and Staph750R (5′CCACCTTCCTCCGGTTTGTCACC3′). Furthermore, S. aureus isolates were stored at -80°C in Trypticase soy broth (Merck, Germany) with 20% glycerol. MSSA (ATCC 25923) was purchased from the Iranian Research Organization for Science and Technology. In addition, the antibacterial susceptibility was determined by the disk diffusion method, samples were transferred to the Clinical and Laboratory Standards Institute (CLSI) in order to detect MRSA. The antibiotic such as methicillin (5 µg), oxacillin (1 µg), gentamycin (10 µg), vancomycin (30 µg), cefixime (5 µg), cephalexin (30 µg), cefoxitin (30 µg), and ciprofloxacin (5 µg) were used, which were purchased from PADTAN TEB Company (Tehran, Iran). Finally, the results of the antibacterial susceptibility were analyzed using WHONET software 2017 (19) (20) (21) (22) (23) .
The antibacterial susceptibility of vancomycin and methicillin alone and in combination against MRSA and MSSA Antibacterial susceptibility was determined by the broth microdilution method as described in the CLSI M07-A10 (24) and CLSI supplement M100 (20) . Briefly, 100 µL of the two-fold dilution of different concentrations of vancomycin (within the range of 0.125-64 µg/mL) and methicillin (within the range of 0.125-64 µg/mL), alone or in combination, were prepared in Mueller-Hinton broth (Merck) in the wells of 96-well U-bottom microtiter plates. These plates were then inoculated at 35°C with approximately 5 × 10 4 colony-forming units (CFU)/mL of an overnight culture grown in Mueller-Hinton broth. After 24 hours of incubation, the minimal inhibitory concentrations (MICs) were measured at 630 nm using a Stat Fax 303 Reader (Awareness Technology, Inc., USA). The minimum bactericidal concentration (MBC) was determined by subculturing aliquots from MIC determination onto Mueller-Hinton agar plates. The MBC was defined as the lowest concentration of the antibacterial agents that killed at least 99.9% of the initial inoculums.
Moreover, drug interaction was defined as synergistic, additive, indifferent, or antagonistic based on the fractional inhibitory concentration (FIC) index employing the results of MICs. Additionally, the FIC index was calculated according to the following formulas: In addition, the FIC and FBC indexes were interpreted as follows: synergy, FIC ≤0.5; partial synergy, FIC >0.5 while <1.0; additive effect FIC=1.0; indifference, FIC >1.0 whereas <4.0; antagonism, FIC ≥4.0 (25, 26) .
The inhibitory effect of vancomycin and methicillin alone and in combination on growth profile of MRSA and MSSA using the optical density The growth profile was measured using the optical density in order to determine the inhibitory effect of the vancomycin and methicillin alone and in combination against MRSA and MSSA. The test was conducted utilizing the test tubes containing Mueller-Hinton broth, along with vancomycin and methicillin alone and in combination with 1 × MIC concentration. The colony suspension (0.5 McFarland) was added to the tube. Then, the inhibitory effect of vancomycin and methicillin alone and in combination on the growth profile was measured using the spectrophotometer at 630 nm wavelength at different time intervals such as 0, 4, 8, 12, 16, 20, and 24 hours (27) .
The expression analysis of mecA gene by real-time polymerase chain reaction The expression of mecA gene in MRSA treated with vancomycin and methicillin alone and in combination was analyzed by quantitative real-time polymerase chain reaction (PCR). To this end, total RNA was extracted from the bacterial cells using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. In addition, the RNA samples were treated with RNase-Free DNase Set (Qiagen) in order to eliminate the traces of genomic DNA. Further, the ratio of absorbance at A260/A280 and A260/A230 derived from the spectrophotometric NanoDrop ® ND-1000 (NanoDrop Technologies Inc., Wilmington, DE) analysis was applied to assess the quantity and purity of the extracted RNA. Furthermore, the integrity of the total RNA was confirmed by agarose gel electrophoresis. Moreover, the total RNA (0.5 µg) was reverse transcribed into single-stranded cDNA with Moloney-Murine leukemia virus reverse transcriptase and random hexamers (Fermentas, USA) based on the manufacturer's instructions. Additionally, S. aureus mecA gene was amplified from the synthesized cDNA with the primer as listed in Table 1 . In addition, gyrB was established as a house-keeping gene in order to normalize the dissimilar RNA concentrations during the RNA extraction.
Real-time PCR experiments were performed on a Bio-Rad MiniOpticon TM system (USA) using SYBR Green qPCR Master Mix (Fermentas, EU). PCR cycling conditions included an initial step at 50°C for 2 minutes, holding at 95°C for 8 minutes, 35 cycles of denaturation at 95°C for 10 seconds and annealing at 57°C for 15 seconds, and finally, the melting reaction at 72-78°C. The relative quantitation of the gene expression was obtained by the Pfaffl method (29, 30) .
Statistical analysis
The results are expressed as mean value ± standard error of three replicates. Moreover, all experiments were repeated three times in order to compensate for possible errors.
Additionally, the data were analyzed by the analysis of variance (ANOVA). In addition, the comparison of the two means was calculated using Tukey post hoc test. P ≤ 0.05 was considered statistically significant. Eventually, the statistical analysis was performed using the SPSS software, version 21 (SPSS Inc., Chicago, IL).
Results
Totally, 40 cases of S. aureus infections were collected from hospitalized patients during 6 months. Then, clinical isolates of the S. aureus were phenotypically identified and their reliability was confirmed by DNA sequencing. A number of 30 (75%) out of 40 clinical isolates were documented as the MRSA while 10 (25%) clinical isolates were identified as MSSA. Table 2 represents the clinical isolates of S. aureus based on their susceptibilities to antibiotics. A total of 45% of the clinical isolates of S. aureus have multidrug resistance patterns. In addition, 15% of these isolates are identified as possible extensively drug-resistant while no possible pandrug-resistant is detected.
The antibacterial activity of vancomycin and methicillin alone and in combination against the clinical isolates of S. aureus (i.e., MRSA and MSSA) were performed according to clinical and laboratory standards institute guidelines. Based on the results, the combination of vancomycin and methicillin led to a reduction in the MICs/MBCs regarding the clinical isolates of MRSA and MSSA. Further, vancomycin in combination with methicillin displayed 37.5% synergistic and partial synergistic effects with FIC and FBC indexes ranging from 0.27-0.938 and 0.313-0.844, respectively. Furthermore, the combination effects of vancomycin with methicillin were additive (i.e., FIC and FBC indexes = 1) against 10% of the clinical isolates of MRSA and MSSA. The vancomycin in combination with methicillin was indifferent against 52.5% of MRSA and MSSA clinical isolates of by the FIC and FBC indexes within the ranges of 1.125-2.04 and 1.125-2.5, respectively. Conversely, vancomycin alone was found to be active against all forty study clinical isolates with MICs between 0.5 and 2 µg/mL although methicillin alone revealed resistance against all the clinical isolates of S. aureus. Finally, the combination of vancomycin with Table 1 . Oligonucleotide primers used for PCR
Primer Sequence Reference
MecA147-F 5' GTG AAG ATA TAC CAA GTG ATT3′
MecA147-R 5′ ATG CGC TAT AGA TTG AAA GGA T3′
gyrB-R 5' GCT CCA TCC ACA TCG G 3'
Abbreviation: PCR, polymerase chain reaction. (Table 3) . The inhibitory effect of the vancomycin and methicillin alone and in combination against MRSA and MSSA are illustrated in Figure 1 with optical density as the y axis and the incubation time as the x axis. The growth profile of MRSA isolates are not inhibited by methicillin, instead, they continue to multiply, albeit at a lower rate and lower level of saturation compared to the untreated control while the vancomycin and methicillin in combination with synergistic effects inhibit the growth of MRSA isolates compared to the untreated control (P < 0.01). Moreover, as displayed in Figure 1C , no inhibitory effects were observed in MRSA isolates treated with the combination of vancomycin and methicillin with indifference effects.
Additionally, the results of relative quantitative realtime PCR showed that vancomycin and methicillin alone and in combination induced changes in the expression levels of mecA gene in MRSA isolates with synergistic and indifference effects. However, the expression levels of mecA demonstrated no significant change in MRSA isolates treated with the vancomycin alone (P = 0.20). In addition, the expression of mecA failed to induce any changes in MRSA treated with methicillin alone compared to the untreated control group (P = 0.38). Contrarily, the combination of vancomycin and methicillin significantly down-regulated the expression levels of mecA by 5.25fold in MRSA isolate with synergistic effect (P < 0.001). Moreover, there were no significant changes in the expression level of mecA in MRSA isolate with indifference effect treated with the combination of vancomycin and methicillin ( Figure 2) . Ultimately, the analysis of the nucleotide sequence of the PCR products revealed a high similarity by the nucleotide BLAST in National Center for Biotechnology Information.
Discussion
Staphylococcus aureus is believed to be the most common human pathogen, leading to a wide range of infections. Further, it expresses many virulence factors that contribute to diseases. The important virulence factors involved in the disease process can be divided into cell surface factors which recognize the adhesive matrix molecules (e.g., protein A, along with fibronectin-binding, collagenbinding, and clumping factor proteins), capsular polysaccharides, and staphyloxanthin, as well as secreted factors (e.g., superantigens, cytolytic toxins, and various exoenzymes and miscellaneous proteins) that play active roles in disarm host immunity (1, (31) (32) (33) . According to previous studies (1, 2, 8) , β-lactam antibiotics demonstrate the most optimal treatment for S. aureus infections and lead to the prominent cause of resistance such as MRSA. Furthermore, the mechanisms of antibiotic activity of the methicillin against S. aureus possibly act by the inhibitory effects of the PBPs that are involved in the synthesis of peptidoglycan, causing cell wall synthesis and thus halting cell growth (34) . Moreover, vancomycin has an important role in antibacterial activity and directly binds to the C-terminal D-Ala-D-Ala residues of lipid II, which prevents using the precursor for the cell wall synthesis (35) .
The present study investigated the interactions between vancomycin and methicillin on the inhibition of MRSA and MSSA. Methicillin alone revealed resistance against all the clinical isolates of MRSA while the obtained data represented the significant activity of vancomycin alone against all the clinical isolates of MRSA and MSSA. Interestingly, the in vitro combination of vancomycin and methicillin displayed synergistic effects against MRSA and MSSA isolates. In recent years, many studies have reported the expanded use of combined antibacterial therapy with vancomycin for treating various infections of MRSA (36) (37) (38) . For example, Sy et al (39) showed the synergistic effect of the combination of vancomycin and β-lactams against the MRSA. Additionally, Tong et al (40) revealed the synergy between vancomycin or daptomycin and an anti-staphylococcal β-lactam antibiotic.
The findings of the current study indicated that the expression levels of the mecA gene were down-regulated in MRSA isolates with synergistic effect treated with the combination of vancomycin and methicillin. Conversely, the expression of mecA failed to demonstrate any changes in MRSA with indifference effect treated with the combination of vancomycin and methicillin. The results further confirm the possibility of changes in the mecA gene (i.e., "see-saw effect") in MRSA with the synergistic effect in the combination of vancomycin and methicillin. However, there are limited studies regarding the combination therapy for the treatment of persistent MSSA bacteremia (14) (15) (16) (17) (18) . The mechanism of synergy between vancomycin and betalactams against the MRSA is not well-understood and is unexpected given the inherent resistance of the MRSA to beta-lactams. Molecular base studies suggest vancomycin resistance-mediated re-sensitization to β-lactams (i.e., "see-saw effect") in MRSA in which the MRSA with rising vancomycin the MICs are associated with decreasing MICs to methicillin, possibly due to the changes in PBP or variations in the mecA gene (17, 41) . Yang et al. (42) indicated that daptomycin-oxacillin combination was effective in reducing 3-to 4-fold in the oxacillin MIC and identified a daptomycin-oxacillin "see-saw" phenomenon in vitro. In addition, they reported the influence of the daptomycin-oxacillin combination in treating the experimental endocarditis caused by the MRSA evolved the "see-saw effect".
Conclusion
In general, these events may reflect the potential of the synergistic interaction of vancomycin and methicillin on MRSA. Further, the positive correlation between the synergism of the combination, the inhibitory effect of combination, and the expression of mecA gene may be due to a decrease in MRSA virulence. However, greater knowledge of molecular mechanisms of vancomycin and methicillin in combination could help develop the therapeutic strategies.
